ABSTRACT We report here a simple and effective approach, named scalable sweeping-printing-method, for fabricating flexible highoutput nanogenerator (HONG) that can effectively harvesting mechanical energy for driving a small commercial electronic component. The technique consists of two main steps. In the first step, the vertically aligned ZnO nanowires (NWs) are transferred to a receiving substrate to form horizontally aligned arrays. Then, parallel stripe type of electrodes are deposited to connect all of the NWs together. Using a single layer of HONG structure, an open-circuit voltage of up to 2.03 V and a peak output power density of ∼11 mW/cm 3 have been achieved. The generated electric energy was effectively stored by utilizing capacitors, and it was successfully used to light up a commercial light-emitting diode (LED), which is a landmark progress toward building self-powered devices by harvesting energy from the environment. This research opens up the path for practical applications of nanowire-based piezoelectric nanogeneragtors for self-powered nanosystems.
nergy harvesting is critical to achieve independent and sustainable operations of nanodevices, aiming at building self-powered nanosystems. [1] [2] [3] Taking the forms of irregular air flow/vibration, ultrasonic waves, body movement, and hydraulic pressure, mechanical energy is ubiquitously available in our living environment. It covers a wide range of magnitude and frequency from cell contraction to ocean waves. The mechanical-electric energy conversion has been demonstrated using piezoelectric cantilever working at its resonating mode. [4] [5] [6] [7] However, the applicability and adaptability of the traditional cantilever based energy harvester is greatly impeded by the large unit size, large triggering force and specific high resonance frequency. Recently, a series of rationally designed nanogenerators (NGs) with piezoelectric nanowires (NWs) have shown great potentialtoscavengetinyandirregularmechanicalenergy. [8] [9] [10] [11] [12] [13] [14] [15] However, insufficient electric output hinders their practical applications. We report here a simple and effective approach, named scalable sweeping-printing-method, for fabricating flexible high-output nanogenerator (HONG) . An open-circuit voltage of up to 2.03 V and a peak output power density of ∼11 mW/cm 3 have been achieved. The generated electric energy was effectively stored by utilizing capacitors, and it was successfully used to light up a commercial lightemitting diode (LED), which is a landmark progress toward building self-powered devices by harvesting energy from the environment. Furthermore, by optimizing the density of the NWs on the substrate and with the use of multilayer integration, a peak output power density of ∼0.44 mW/cm 2 and volume density of 1.1 W/cm 3 are predicted.
The mechanism of converting mechanical energy by a single ZnO NW that is laterally bonded to a substrate has been discussed in details in our previous report. 13 Owing to much smaller diameter of the NW compared to the substrate thickness, outward bending of the substrate induces a uniaxial tensile strain in the NW. Because of the piezoelectric property of the ZnO NW, the stress results in a piezoelectric field along the length, which causes a transient charge flow in the external circuit. The Schottky contact at the bonded ends can regulate the charge flow. As a result, the bending and releasing of the single-wire-NG gives rise to an alternating flow of the charges in the external circuit. In this work, the power output has been scaled up with the integration of hundreds of thousands of horizontally aligned NWs, which was made by a scalable sweeping-printing-method that is simple, cost-effective, and highly efficient.
The method consists of two main steps. In the first step, the vertically aligned NWs are transferred to a receiving substrate to form horizontally aligned arrays. The major components of the transfer setup are two stages (Figure 1a) . Stage 1 has a flat surface that faces downward and holds the vertically aligned NWs; stage 2 has a curved surface and holds the receiving substrate. Polydimethylsiloxane (PDMS) film on the surface of stage 2 is used as a cushion layer to support the receiving substrate and enhances the alignment of the transferred NWs. The radius of the curved surface of stage 2 equals the length of the rod supporting the stage, which is free to move in circular motion (Supporting Information Figure S1 ). In the second step, electrodes are deposited to connect all of the NWs together.
Vertically aligned ZnO NWs on Si substrates were synthesized using physical vapor deposition method. 16, 17 The dense and uniform NWs have the length of ∼50 µm, diameter of ∼200 nm, and growth direction along the c-axis Figure S2 ). The same growth direction of NWs guarantees the alignment of the piezoelectric potentials in all of the NWs and a successful scaling up of the output, which will be elaborated later. A small piece of Si substrate with grown ZnO NWs was mounted onto stage 1 ( Figure 1a ) and a piece of Kapton film with the thickness of 125 µm was attached to stage 2 ( Figure  1a ). The distance between the receiving substrate and NWs was precisely controlled to form a loose contact between the two. The receiving substrate then counterclockwise swept across the vertical NWs arrays, which were detached from Si substrate and aligned on the receiving substrate along the direction of sweeping due to the applied shear force ( Figure  1a ). The as-transferred NWs are presented in Figure 2c with an estimated average density of 1.1 × 10 6 cm -2 . The length variation is probably due to the fact that not all of the NWs were broken off at the roots.
Next, the evenly spaced electrode pattern over the aligned NWs was first defined using photolithography and then followed by sputtering 300 nm thick Au film ( Figure 1d ). After lifting off the photoresist, 600 rows of stripe-shaped Au electrodes with 10 µm spacing were fabricated on top of the horizontal NW arrays (Figure 1e ). Au electrodes form Schottky contacts with the ZnO NWs, which are mandatory for a working NG. 8, 18 Approximately 3.0 × 10 5 NWs in an effective working area of 1 cm 2 , as pointed by an arrowhead in Figure 1d (inset), are in contact with electrodes at both ends. Finally, a PDMS packaging over the entire structure can further enhance mechanical robustness and protect the device from invasive chemicals.
The working principle of the HONG is illustrated by the schematic diagrams in Figure 2a ,b. NWs connected in parallel collectively contribute to the current output; NWs in different rows connected in serial constructively improve the voltage output. The same growth direction of all NWs and the sweeping printing method ensure that the crystallographic orientations of the horizontal NWs are aligned along the sweeping direction. Consequently, the polarity of the induced piezopotential is also aligned, leading to a macroscopic potential contributed constructively by all of the NWs (Figure 2b) .
To investigate the performance of the HONG, a linear motor was used to periodically deform the HONG in a cyclic stretching-releasing agitation (0.33 Hz). The open-circuit voltage (V oc ) and the short-circuit current (I sc ) were measured with caution to rule out possible artifacts. 19 At a strain of 0.1% and strain rate of 5% s -1 , peak voltage and current reached up to 2.03 V and 107 nA, respectively. Assuming that all of the integrated NWs actively contribute to the output, the current generated by a single NW is averaged to be ∼200 pA; and the voltage from each row is ∼3.3 mV in average. Considering the size of the working area of the nanogenerator (1 cm 2 ) (Figure 1e , inset), a peak output power density of ∼0.22 µW/cm 2 has been achieved, which is over 20-fold increase compared to our latest report based on a more complex design.
14 For nanowires with the diameter of ∼200 nm, the power volume density is ∼11 mW/cm 3 , which is 12-22 times of that from PZT based cantilever energy harvester. 6, 7 The durability test and further characterization were performed, which prove the stability and robustness of the HONGs (Supporting Information Figure S3 ). Voltage linear superposition test verified the proposed working principle of the HONGs (Supporting Information Figure S4 ).
Further scaling up the power output is expected to be technically feasible. If NWs can be uniformly and densely packed as a monolayer over the entire working area, and all can actively contribute to the output, the maximum power area density is expected to reach ∼22 µW/cm 2 . The power volume density is anticipated to be improved up to ∼1.1 W/cm 3 . With 20 layers of such NW arrays stacked together, the power area density would be boosted up to ∼0.44 mW/cm 2 . The performance of the HONG is affected by strain and strain rate. For a given strain rate (5% s -1 ), an increase in strain leads to a larger output (Figure 3a,b) . Likewise, at a constant strain (0.1%), the output is proportional to the strain rate (Figure 3c,d) . Beyond a certain strain and strain rate, saturation of the magnitude occurs, probably due to the converse piezoelectric effect, which is the strain created by the piezopotential and it is opposite to the externally induced strain. It is noticed that 0.1% strain is sufficient to induce effective output, which is much smaller than the 6% fracture strain of the ZnO NW predicted theoretically. 20 Storing the generated energy and driving functional devices are extremely important steps toward practical applications of the nanogenerator. In this work, they were accomplished by using a charging-discharging circuit with two consecutive steps (Figure 4) . The circuit function is determined by the status of a switch (Figure 4a inset) . The switch is at position A for energy storage achieved by charging capacitors. Upon charging completion, the switch is switched to position B for energy releasing to power a functional device, such as a light emitting diode.
It is the key for a successful and effect energy storage to take full advantage of the alternating output. As a result, an integrated full wave rectifying bridge (Transys Electronics Limited, DI 102) was connected between a HONG and capacitors (Vishay Sprague, Type 430P, 2 µF ( 10%). The output of the HONG measured after the bridge exhibits only positive signals (Figure 4a ). Full wave rectification achieved by the bridge ensures energy storage at an enhanced efficiency, although the rectified signal (as pointed by an arrowhead in Figure 4a ) has appreciably reduced magnitude due to the reverse current leakage of the diodes in the bridge; this reducing effect is rather notable at small output current. To facilitate the charging process, the output frequency of the HONG was tuned up to 3 Hz by reducing the periodicity of the mechanical deformation. Ten capacitors were connected in parallel such that they were simultaneously charged, and the voltage across a single capacitor finally reached 0.37 V.
Upon finishing charging, the capacitors were reconfigured from parallel connection to series connection, leading to a total voltage source of 3.7 V. The stored electricity was used to drive a commercial red LED (Figure 4b , Avago Technologies US Inc., HLMP-1700), which has an emission spectrum centered at 635 nm. The turn-on voltage and forward-biased resistance are 1.7 V and 450 Ω, respectively. The discharging process was triggered, leading to a maximum discharging current of 4.5 mA and the LED was lit up. The emitted light lasted 0.1-0.2 s and was clearly captured in dim background (Figure 4c ,d, video in Supporting Information). During the whole charging-discharging process, no other power sources were involved. The entire circuit is essentially a complete self-powered system, which consists of three components: an energy harvester (the HONG), storage units (capacitors), and a functional device (the LED).
An effective energy generation efficiency is defined as the ratio between the energy stored by the capacitors and the strain energy input to all of the active NWs, and it takes into account the performance of the electronic components in the circuit. The total electrical energy stored by the capacitor can be calculated as W stored ) CU 2 n/2 ) 1.37µJ, where C is the capacitance of a single capacitor, U is voltage across the capacitor, and n is the number of capacitors. Since the dominant strain in the ZnO NWs is tensile strain, with shear strain safely neglected, the total strain energy can be esti-
where D is the diameter of the NW (200 nm), L 0 is its original length (10 µm), which is fixed by the electrode spacing, E is the Young's modulus (30 GPa), ε is the strain of NWs (0.1%), f is the frequency of deformation (3 Hz), t is the total charging time (7200 s), and n 0 is the number of integrated NWs (300 000). 13 Therefore, the effective energy generation efficiency is estimated to be ∼4.6%. This value is naturally lower than the energy conversion efficiency of a single nano/ microwire (∼7%), which is defined as the ratio between the generated electric energy (W generated ) ∫VI dt, where V is the voltage, and I is the current) and the mechanical input strain energy. 13 This is mainly attributed to the energy dissipation on rectifying bridge and capacitors, as elaborated in the Supporting Information.
In summary, we have successfully fabricated high-output flexible nanogenerators using a sweeping-printing method. We managed to transfer vertically grown ZnO NWs to a flexible substrate and achieved horizontally aligned NW arrays that have crystallographic alignment, based on which an innovatively designed HONG was fabricated. The electrical output of the HONG reached a peak voltage of 2.03 V and current of 107 nA with a peak power density of ∼11 mW/cm 3 , which is 12-22 times of that from PZT-based cantilever energy harvester. An effective energy generation efficiency of 4.6% was demonstrated. The electric energy generated by the HONG was effectively stored by capacitors and used to light up a commercial LED. Furthermore, by optimizing the density of the NWs on the substrate and with the use of multilayer integration, a peak output power density of ∼0.44 mW/cm 2 and volume density of 1.1 W/cm
